Within the Time Dependent Hartree Fock (TDHF) approach, we investigate the impact of several ingredients of the nuclear effective interaction, such as incompressibility, symmetry energy, effective mass, derivative of the Lane potential and surface terms on the exit channel (fusion vs quasifission) observed in the reaction 238 U+ 40 Ca, close to the Coulomb barrier. Our results show that all the ingredients listed above contribute to the competition between fusion and quasifission processes, however the leading role in determining the outcome of the reaction is played by incompressibility, symmetry energy and the isoscalar coefficient of the surface term. This study unravels the complexity of the fusion and quasifission reaction dynamics and helps to understand the microscopic processes responsible for the final outcome of low energy heavy ion collisions in terms of relevant features of the nuclear effective interaction and associated equation of state (EoS).
I. INTRODUCTION
Understanding the dissipation mechanisms occurring in low energy heavy ion collisions represents one of the most challenging problems in nuclear reaction and structure studies [1] [2] [3] [4] [5] [6] [7] . Crucial information is provided by the investigation of strongly damped collisions of nuclei, that may lead to (incomplete) fusion, quasifission or deepinelastic processes, looking at the degree of equilibration reached along the reaction path and at the features of the final reaction products [8] [9] [10] [11] [12] [13] [14] [15] [16] . In addition, in these reactions one can observe effects reflecting a delicate interplay between the microscopic single-particle dynamics and the possible occurrence of collective motion [9-11, 17, 18] .
In particular, dissipative reaction dynamics plays an essential role in the synthesis of superheavy elements (SHE), a quite appealing challenge of modern nuclear physics [15, [19] [20] [21] [22] [23] [24] [25] [26] . The synthesizing process, realized by fusing two heavy nuclei in the laboratory, can be schematically divided into three steps where both nuclear structure and dynamics are important: 1) the two nuclei find each other and their surfaces stick together; 2) the shape of the two nuclei evolves to form a compound nucleus; 3) the evaporation residue survives against statistical fission decay. These processes are usually related to the capture, compound nucleus formation and survival probabilities (see for instance [27, 28] ) and two experimental methods, i.e., cold fusion with target nuclei close to the doubly magic nucleus 208 Pb and hot fusion with actinide target nuclei [15, 16] , have been devised so far. It is rather clear that, apart from the occurrence of statistical * Email address: zhengh@snnu.edu.cn † Email address: colonna@lns.infn.it fission, the probability to form superheavy elements is strongly affected by the competition between compound nucleus formation and quasifission processes. At low energies (close and/or above the Coulomb barrier), heavy ion reactions are governed, to a large extent, by one-body dissipation mechanisms (see for instance [29] ). From a microscopic point of view, their description can be addressed within the Time Dependent Hartree Fock (TDHF) approach [12] [13] [14] [15] [16] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] , and its semi-classical approximation (the Vlasov equation) [8] [9] [10] [11] . These mean-field approaches (including stochastic extensions, that account for quantum fluctuations) provide a suitable framework to study the many-body system at a fully microscopic level and have been successfully applied to describe fusion reactions, nucleon transfer and deep-inelastic collisions, as well as the quasifission dynamics [14, 39, [41] [42] [43] [44] . Among possible examples, the prominent role of one-body dissipation is corroborated by the consistent results obtained, between TDHF and Vlasov calculations, in studies related to the Giant Dipole Resonance (GDR) and for charge asymmetric nuclear reactions just above the Coulomb barrier [9, 45] , and by the excellent quantitative agreement between recent quasifission experimental results and model calculations which incorporate one-body dissipation and fluctuations [14] . In spite of the apparent simplicity of the reaction dynamics, quite intriguing features may manifest along the fusion/fission path, reflecting the complexity of the selfconsistent mean-field. Indeed, apart from the expected sensitivity to the properties, such as charge, mass and deformation, of the two colliding nuclei, the reaction path is quite influenced also by the ingredients of the nuclear effective interaction employed in the calculations. It should be noticed that the latter is closely connected to the nuclear Equation of State (EoS), which plays an important role in nuclear structure [46, 47] , dynamics of heavy ion collisions at intermediate energy [8-11, 48, 49] and astrophysical phenomena as well [50] [51] [52] .
By considering collisions between either neutron poor or neutron rich systems, the impact of the isospin degree of freedom on the reaction dynamics has been explored in theoretical studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [36] [37] [38] [39] [40] . Several investigations have also been devoted to the role of specific ingredients of the nuclear effective interaction. In particular, the influence of the symmetry energy, that is closely linked to the neutron-skin thickness, on the amplitude of the sub-barrier fusion cross section of neutron-rich nuclei has been evidenced in Ref. [53] . Other studies were dedicated to the sensitivity of isospin equilibration to the effective interaction, either in low-energy reactions, where collective pre-equilibrium dipole oscillations take place [9] [10] [11] [54] [55] [56] , or for reactions at Fermi energies, where a sizable pre-equilibrium nucleon emission is observed [8, 51, 57, 58] . Reactions close to the Coulomb barrier, and more specifically at the frontier between fusion and other channels are also known to be sensitive to the spin orbit term [59] [60] [61] or the tensor interactions [62, 63] .
In this paper, we aim at getting a deeper understanding of the interplay between fusion and quasifission processes in low energy heavy ion collisions. As stressed above, this is particularly important in the search of new SHE. In keeping with the spirit of previous studies [10, 53, 58] , we investigate, within the TDHF approach, the impact of relevant ingredients of the nuclear effective interaction, such as incompressibility, symmetry energy, effective mass, Lane potential derivative, and surface terms, on the exit channel (fusion vs quasifission) of central heavy ion reactions close to the Coulomb barrier. Our goal is to establish possible connections between the reaction dynamics and global nuclear matter properties, in density regions around and below the saturation value. Such a comprehensive study is important to reach more reliable predictions about the probability to get compound nucleus formation. In turn, the comparison with available experimental data would allow one to extract information on specific aspects of the nuclear interaction, which are still poorly known.
The paper is organized as follows. In section II, we introduce the theoretical framework as well as the set of EoS employed in the calculations. In particular, we will consider EoS only differing by one ingredient, with respect to a reference case, to focus on the effect of that particular ingredient on the reaction process. In such a way, we can decouple the correlations among the different sectors of the EoS. In section III, we present the results obtained for selected reactions, discussing how the several EoS ingredients affect the exit channel. Conclusions and perspectives are drawn in section IV.
II. THEORETICAL FRAMEWORK AND EFFECTIVE INTERACTIONS
In the TDHF theory, the evolution of the one-body density matrixρ(t) is determined by,
where
is the mean-field Hamiltonian with U as the self-consistent potential and ρ(r) denoting the local density. Within the Density Functional Theory, the starting point is the energy density functional E [ρ], from which the corresponding nuclear EoS and the potential U can be consistently derived.
In the present work, we adopt Skyrme effective interactions, which are characterized in terms of nine interaction parameters (t 0 , t 1 , t 2 , t 3 , x 0 , x 1 , x 2 , x 3 , σ), plus the spin-orbit coupling constants W 0(i) [64] [65] [66] [67] . Apart from the spin-orbit term, the energy density is expressed in terms of the isoscalar, ρ = ρ n + ρ p , and isovector, ρ 3 = ρ n − ρ p , densities and kinetic energy densities (τ = τ n + τ p , τ 3 = τ n − τ p ) as [9, [68] [69] [70] :
where the coefficients C .. , D .. are combinations of the standard Skyrme parameters (see Appendix A). In particular, the terms with coefficients C ef f and D ef f are the momentum dependent contributions to the nuclear effective interaction. The Coulomb interaction is also considered in the calculations. It turns out to be useful to explicit the relations between the coefficients of the Skyrme interaction and relevant nuclear properties. In analogy with the studies of Refs. [71, 72] , we will consider: saturation density ρ 0 ; energy per nucleon of symmetric nuclear matter at ρ 0 (E 0 ); incompressibility K 0 ; isoscalar effective mass m * s and isovector effective mass m * v at saturation density; symmetry energy at ρ 0 (J); slope of the symmetry energy at ρ 0 (L); strength of the isoscalar surface term G S = C surf /2 and strength of the isovector surface term
By this connection, it becomes straightforward to explore the impact of specific nuclear matter properties on the reaction dynamics. Here, instead of the isovector effective mass, we prefer to employ the derivative, with respect to the momentum p, of the Lane potential, which has a more intuitive physical meaning, related to the splitting of neutron and proton effective masses, m * n and m * p . Denoting by U i = ∂E pot ∂ρ i p the single particle potential, where i stands for neutrons or protons and E pot is the potential part of the energy density functional, Eq.(2), the Lane potential is written as
where I = ρn−ρp ρ is the asymmetry parameter. Therefore, the Lane potential derivative reads:
where the parameter f I has been introduced and m denotes the nucleon mass. f I actually gives a measure of the neutron-proton effective mass splitting because the following relation holds:
In our study, we will consider the recently introduced SAMi-J Skyrme effective interactions [73] . The corresponding parameters have been determined based on the SAMi fitting protocol [73] : binding energies and charge radii of some doubly magic nuclei, which allow the SAMi-J family to predict a reasonable saturation density, energy per nucleon and incompressibility modulus of symmetric nuclear matter; some selected spin-isospin sensitive Landau-Migdal parameters [74] ; the neutron matter EoS of Ref. [75] . According to the strength of the momentum dependent terms, these interactions lead to an effective isoscalar nucleon mass m * s = 0.675 m and a neutron-proton effective mass splitting m * n − m * p = 0.023 mI MeV at saturation density, with the corresponding parameter f I = −0.0251. This small mass splitting effect is associated with a quite flat momentum dependence of the symmetry potential. It should be noticed that the SAMi-J interactions exhibit a correlation between J and L, so that all interactions lead to the same value of the symmetry energy below normal density (at ρ ≈ 0.6ρ 0 ), well describing the ground state properties of nuclei. For neutron-rich nuclei, the interactions with a larger L (and J) value predict a thicker neutron skin (see Tables I and II) .
III. RESULTS AND DISCUSSIONS
We have performed TDHF calculations for the system 238 U+ 40 Ca, at E cm = 203 MeV and zero impact parameter. This reaction has been investigated in great detail, for a specified EoS and in the TDHF framework, in previous papers [37, 76] , that we will consider as a reference for our study.
In practice, we use the EV8 code to initialize the two nuclei [77] and the TDHF-3D code developed in Refs. [30, 31, 43, 78] to follow the reaction dynamics. We adopt a 3D lattice mesh (96 × 40 × 20) with a mesh step of 0.8 fm, and a time step ∆t = 0.36 fm/c. The initial distance between the two colliding nuclei is 26.4 fm.
The values of binding energy, neutron and proton root mean square radii and quadrupole deformation parameter are reported in Tables I and II , for the three SAMi-J interactions that we will consider in our analysis. The beam energy considered is in the range of the transition from fusion to quasifission processes, thus it is well adapted to our study of the competition between the two reaction mechanisms. It should be noticed that 40 Ca is spherical and this will reduce the number of collision configurations and the complexity of the calculations [39, 40] . On the other hand, since the ground state of 238 U is deformed, it is worthwhile to consider reaction configurations corresponding to two possible projectiletarget orientations: side and tip. For the tip orientation, at the energy considered, quasifission is always observed in TDHF calculations [37] [38] [39] . We will show just one tip collision case, as an example, and then concentrate on side collisions in our study. The trajectory of the reaction is traced by evaluating the quadrupole moment Q 2 (t) = 2x 2 − y 2 − z 2 of the composite system, with x denoting the beam axis. An increasing trend of Q 2 (t) indicates that the system is evolving towards quasifission. On the other hand, if Q 2 (t) stays around a constant value, then the system fuses. To check the outcome of the reaction, one can also look directly at density contour plots at different time instants, as shown in Fig. 1 for the tip collision of the reaction considered, with the effective interaction SAMi-J31. One can see that the quasifission happens in a few zs which is consistent with the statements in Refs. [37] [38] [39] .
Let us now turn to discuss side collisions. In Fig. 2 , the time evolution of the quadrupole moment of the com- posite system is shown for calculations corresponding to three different SAMi-J interactions, namely SAMi-J27, SAMi-J31 and SAMi-J35, whose label denotes the symmetry energy value (J) at saturation density. Clearly, we can see that the SAMi-J35 parametrization leads to quasifission, whereas the other two SAMi-J EoS are associated with fusion. Corresponding density contour plots are shown in Figs. 3 and 4 for SAMi-J31 and SAMi-J35, respectively, in order to better display this dual behavior. The competition between fusion and quasifission has been interpreted in terms of the features exhibited by the fusion barrier, V B , as evaluated within the Density Constrained -TDHF method [16, 40, 76] , when employing different effective interactions. The results shown on Fig. 2 would indicate that a larger symmetry energy slope, which results in a thicker neutron skin for neutron rich nuclei, makes the reaction system easier to separate. However, as we will discuss in the following, the three parameterizations also differ by other aspects.
To extend our discussion about the sensitivity of the reaction path to the ingredients of the effective inter- action, we will enlarge the set of Skyrme interactions employed in the TDHF calculations. In addition to the three SAMi-J parametrizations, we will consider interactions corresponding to the variations of six quantities, with respect to the SAMi-J31, that is taken as a reference: the symmetry energy slope L (keeping the J − L correlation discussed above), the incompressibility, the effective mass, the parameter f I and the surface terms G S and G V . ρ 0 and E 0 are adopted from SAMi-J31 for all the EoS. We have checked that the binding energy and the root mean square of proton and neutron radii of 238 U and 40 Ca are well preserved (within a few percent) under those operations, with the neutron skin thickness of 238 U being mainly determined by the symmetry energy slope L. For the convenience of description, we list the properties of the different EoS in Table III . The EoS name follows the convention that we only label the terms which are different, with respect to the ingredients of the SAMi-J31 parametrization. 
A. Symmetry energy effects
In Fig. 5 , we show the quadrupole moment evolution of the reaction considered, for calculations employing the EoS obtained by varying the symmetry energy properties (S1, S2 and S3). One can notice that the result differs from what is shown in Fig. 2 , where the three SAMi-J parametrizations are compared. Indeed SAMi-J35 calculations (also reported in Fig. 5 ) lead to quasifission, where the S3 parametrization does not, though it presents the same symmetry energy features. This can be explained by considering that the three SAMi-J EoS are characterized not only by a different (J-L) combination, but also exhibit different surface properties, see Table III .
However, one observes that the quadrupole moment associated with the EoS considered here is ordered by the symmetry energy, i.e., the larger the symmetry energy, the larger the quadrupole moment. Owing to the neutron excess in our system, a larger symmetry energy around normal density leads to a more repulsive dynamics, as one would intuitively expect. However, for the interactions considered, the quadrupole moment keeps quite smaller than the result associated with the SAMi-J35. This indicates that surface terms may play a very important role in the reaction dynamics, as we will discuss in the following section.
B. Surface term effects
In Fig. 6 , we show the time evolution of the quadrupole moment Q 2 , as obtained for the EoS corresponding to different surface term (G S and G V ) combinations, as indicated in Table III . As it is shown in panel (a), by comparing the results associated with SAMi-J31 and Gs35, a reduced G S surface term helps the system to separate, even in the case of a parametrization having the same symmetry energy as SAMi-J31, that is not repulsive enough to lead to quasifission (see Fig. 5 ). Com- bined with a larger symmetry energy (J35), the surface term reduction leads to a quite fast quasifission dynamics (J35 Gs35). This result can be explained considering that, along the approaching phase a reduced surface term favors the formation of more elongated configurations, helping fission. On the other hand, by considering interactions where also G V is changed significantly (see Table  III) , panel (b) shows that the isovector surface term has only a tiny effect on the reaction dynamics.
C. Effects of the incompressibility K0
In Fig. 7 , we show the results corresponding to three EoS with different incompressibilities (S1, S4, S5). For K 0 =200 MeV the system gets quasifission, whereas fusion is observed for the other two larger K 0 values. The observed dependence of our results on the incompressibility is related to the fact that it is more difficult to com- press or to expand the composite reaction system formed along the reaction path, if K 0 is large. Indeed, in this case, the system needs to pay more energy to undergo density oscillations of a given amplitude, as compared to the calculations corresponding to smaller K 0 values. We observe that, at the compression stage, the system exhibits the smallest quadrupole moment for the case K 0 =200 MeV, because the system is easier to compress and becomes more compact. Then, along the expansion phase, the quadrupole moment increases significantly because it is easier to expand the system towards densities below the saturation value. When the deformed system overcomes a given threshold, the reaction path will result in quasifission. Apparently, this does not happen for the cases corresponding to K 0 =245 MeV (SAMi-J31) and K 0 =290 MeV (S5), for which fusion is finally observed and the quadrupole moment oscillates around a constant value. Clearly, density oscillations of larger amplitude help the system to fission.
D. Effects of the isoscalar effective mass m * s
The effect of the isoscalar effective mass on the quadrupole moment evolution of the reaction considered is shown in Fig. 8 , by considering parametrizations with larger effective mass than the value associated with SAMi-J31 (S6, S7). One can see that, starting from a situation where fusion is observed (SAMi-J31), the increase of the nucleon effective mass does not change the reaction dynamics; however the calculations corresponding to larger effective mass values lead to more compact configurations, associated with a smaller quadrupole moment. In Fig. 8(b) , we explore the impact of the isoscalar effective mass also on a trajectory leading to quasifission (corresponding to the parametrization Gs35). In this case, it is observed that a larger effective mass changes the reaction dynamics, leading to fusion. In the latter case, the quadrupole evolution exhibits the same pattern in panels (a) and (b). To understand these results, one may consider that particles having a smaller effective mass can move faster in the nuclear potential, so that for the system it is easier to escape from the attractive nuclear interaction and evolve towards quasifission. This is in line with what is observed in the study of collective modes (such as the GDR), where effective interactions with small effective mass lead to higher oscillation frequency and to a more abundant particle emission [9] . One can also argue that particles with a small isoscalar effective mass can invert more easily their direction of motion, helping the system expansion. On the other hand, a larger effective mass favors the trapping of the system into the nuclear potential, leading to fusion. A careful inspection of Fig. 8(b) reveals that, at the early stage, the quadrupole moment is larger in the case of the interaction with isoscalar effective mass equal to 0.85m, with respect to the 'ms100' case (m s = m), but this trend is inverted at a later stage. This can be attributed to the fact that momentum dependent interactions, lead to a larger (smaller) repulsion for nucleons with momenta larger (smaller) than the Fermi momentum, with respect to the 'ms100' case.
Thus, once the system overcomes the fusion barrier, more compact configurations are observed in the 'ms085' case, indicating a larger attraction at small momenta. We now concentrate on the reaction dynamics associated with the three EoS having different values of f I , adopting the isoscalar surface term of SAMi-J31 (S1, S8, S9), see Fig. 9(a) , and of SAMi-J35, see Fig. 9(b) . One can observe that the system ends up with fusion for the three cases in panel (a) and quasifissions for the three cases in panel (b). Thus the f I parameter does not affect crucially the outcome of the reaction, either fusion or quasifission. The ordering observed in panel (b) may result from a delicate balance between symmetry energy, n/p effective mass splitting and Coulomb repulsion effects. Increasing the neutron-proton effective mass splitting, with m * n < m * p ('fI020' case), leads to a larger neutron repulsion, in addition to symmetry energy effects. As a result, we observe a faster quasifission dynamics. On the other hand, a n/p effective splitting of opposite sign, with m * p < m * n ('fIn024' case), tends to counterbalance symmetry energy effects. However, in this situation, the relative role of the Coulomb repulsion is enhanced, that may also lead to a faster dynamics, as we actually observe in Fig. 9(b) . It may be interesting to note that similar effects of the neutron/proton effective mass splitting are discussed for observables typical of nuclear reactions in the Fermi energy domain, such as the isotopic content of the pre-equilibrium nucleon emission [58] .
IV. CONCLUSIONS
To summarize, we have investigated, by employing a variety of effective interactions within the TDHF approach, the impact of several EoS ingredients on the exit channel (fusion vs quasifission) of nuclear reactions at energies close to the Coulomb barrier. In particular, we build up explicit relations between the coefficients of the Skyrme interaction and relevant nuclear properties, such as incompressibility, symmetry energy, effective mass, Lane potential derivative and surface terms, in some analogy with the studies of Refs. [71, 72] . We consider EoS mainly differing by one ingredient, with respect to a reference case, to focus on the effect of that particular ingredient on the reaction process. In such a way, we are able to decouple possible correlations among the different sectors of the EoS. The trajectory of the reaction is traced by evaluating the quadrupole moment Q 2 (t) of the composite system or by looking at the density contour plots. Calculations are shown for the reaction 238 U+ 40 Ca at E cm = 203 MeV and zero impact parameter. We observe that all the ingredients listed above contribute to the competition between fusion and quasifission processes, however the leading role in determining the outcome of the reaction is played by incompressibility, symmetry energy and the isoscalar coefficient of the surface term. These results enable us to establish possible connections between the reaction dynamics and global nuclear matter properties, opening the perspective to learn on specific aspects which are still poorly known. We also note that, when quasifission is observed, the features of the two final fragments may depend on the effective interaction considered, also in connection with the contact time between the two interacting nu- clei. Results concerning the corresponding charge/mass and energy sharing will be the object of a forthcoming publication. We finally stress that a deeper understanding of the interplay between fusion and quasifission processes in low energy heavy-ion collisions is instrumental for the search of new SHE in the laboratory.
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From the C.., D.. coefficients of Eq.(2), the Lane potential Eq. (3) and its derivative Eq. (4) can be evaluated.
In Table IV we list the parameters of the Skyrme interactions employed in our study, in their standard form. In analogy with the studies of Refs. [71, 72] , the standard Skyrme parameters are derived imposing to reproduce nuclear matter properties and surface effects (see Section II). For the spin-orbit term, the coefficients corresponding to the SAMi-J interactions are adopted for all the interactions considered in our study: W 01 = 216.874 and W 02 = -133.570.
